Introduction
The use of multiwalled carbon nanotubes (MWNTs) is considered for a number of promising applications (reinforcement of composites [1] , storage of energy [2] ,…) which will require low cost and scaleable production. Presently, the main synthesis routes are based either on an arcdischarge process [3] or on the catalytic decomposition of hydrocarbons over supported transition-metal catalysts [4] [5] . The later is the most adapted to get large amount of material, however it requires a heavy purification procedure which often includes oxidizing conditions that partly damage the nanotubes. Recently, solid solutions have been proposed for getting metals (M = Fe, Co, Ni) supported on Al 2 O 3 , MgAl 2 O 4 or MgO, giving rise to a production of nanotubes through the catalytic decomposition of methane or CO disproportionation [6] [7] [8] . Other carbon nanostructures, such as nanoballs, are also formed when methane was decomposed on a CoMgO prereduced catalyst [9] . In this work, we report high yield production of MWNTs through the decomposition of acetylene on the Co x Mg (1-x) O solid solution using moderate conditions of temperature. The separation of nanotubes from the catalytic substrate is very simple that opens new insights for a large scale production.
Experimental
A solid solution precursor is prepared by mixing thoroughly magnesium nitrate hexahydrate (10 mmol), cobalt nitrate hexahydrate (6mmol) and citric acid (10 mmol) in a minimum amount of water. After gentle evaporation of water, the obtained viscous gel is dried at 150°C and then calcined under a nitrogen flow at 700°C during five hours, to give the Co x Mg (1-x) O solid solution. A thin layer of catalyst on a porcelain plate is introduced in a quartz tube reactor and the temperature is stabilized at 600°C under a nitrogen flow (350 ml/min). Then acetylene is introduced at a flow rate of 100 ml/min during one hour together with nitrogen, leading to the production of a carbon nanotube deposit. After cooling down, the catalysis substrate is dissolved by hydrochloric acid (12 mol.l -1 ) treatment at 80°C during twelve hours, and after filtrating the solution, the carbon nanotubes are repeatedly washed with de-ionised water until neutral pH of filtrate and dried at 120°C.
Results and Discussion
The X-ray diffractogram of the calcined precursor presents only one series of lines typical of a Co x Mg 1-x O solid solution ( Fig.1) . The quality of the nanotubes production has been first estimated by scanning electron microscopy (SEM). The obtained material appears as a very dense network of entangled nanotubes (Fig. 2) . As seen from the TEM images, the nanotubes are thinner but longer than those produced over Co/silica or Co/zeolite; the external diameter ranges from 7 to 20 nm, and the length up to 25-50 µm (Fig. 3) . The central canal is quite well defined (about 5 nm in diameter) and the walls consist of continuous carbon layers oriented parallel to the tube axis (Fig.4) . Most of the carbon nanotubes have closed tips and sometimes cobalt particles are encapsulated at the tip or inside the canal. These nanoparticles could be partly removed while opening nanotubes by an additional oxidizing treatment.
Most of the carbon nanotubes have closed tips and for some of them a cobalt particle is enclosed at the tip or inside the canal (Fig. 3 and 4) . The use of the Co x Mg (1-x) O solid solution offers numerous advantages over the other supported catalysts. MgO is easily dissolved by HCl, whereas silica or zeolite need to be eliminated by concentrated hydrofluoric acid (73% w/w). Elemental analysis after HCl treatment detected carbon (at least 95 wt %), hydrogen (less than 0.4 wt %), cobalt (less than 4 wt %), less than hundred ppm of magnesium and no oxygen. This is confirmed by the absence of the 1s oxygen peak in the X-ray Photoelectron Spectrum, which is the proof of a clean carbon surface. Carbon byproducts such as acetylene black or amorphous carbon are not observed in TEM that shows a remarkable selectivity of the process for the formation of nanotubes. Therefore an additional oxidizing acid treatment which often partly damages the nanotubes and is responsible for some lost of material is not required. Starting from 2 g of catalyst, 6 g of purified multiwalled nanotubes are collected, that shows a high efficiency of the Co x Mg (1-x) O catalyst. For a comparison, in the case of Co (2.5 wt %) supported on zeolite, 2 g of catalyst yield only 600 mg of carbon material, consisting of nanotubes associated to disorganized carbon nanoparticles trapped in the inner pores of the support. Nascent hydrogen in situ produced by acetylene decomposition progressively reduces CoO to nanometric cobalt aggregates supported on MgO. This allows a high nanotube yield at very low temperature (i.e. 600°C), without the formation of carbon by-products which generally poison the catalyst. Another advantage is a limited coalescence of the catalyst clusters that probably explains the small tube diameters and narrow distribution. As most of the pristine MWNTs, the nanotubular material from Co x Mg (1-x) O solid solution gives a type IV nitrogen adsorption isotherm at 77K ( 
Conclusion
For the first time, multiwalled carbon nanotubes could be produced selectively at high yield from the decomposition of acetylene at low temperature on a Co x Mg (1-x) O solid solution. In-situ formation of cobalt nanoparticles supported on MgO at low temperature as synthesis proceeds is undoubtedly the reason for such good performance of the catalyst. Due to the absence of other carbon forms, only a very simple treatment in non-oxidizing medium is required for getting a good purity of the material. Since the catalyst is not sticky but rather a black fluffy powder, a continuous process could be easily developed to get quasi-industrial amounts of nanotubes. With the help of this new method it seems now realistic to consider the possible applications of MWNTs in various fields.
